Surveillance of disease vectors
Well into the 21 st century, vector-borne diseases persist to be a significant challenge to the global public health [1] , not least in the tropical regions [2] . In particular malaria, caused by the Plasmodium falciparum parasite and transmitted by anophelines, places the mosquito as the most lethal animal in the world, claiming roughly a half million human lives yearly [3] .
Tackling this distress requires both medical treatment by affordable drugs, rapid realistic medical diagnostics and prevention. Prevention methods include landscape drainage, spraying, urban planning and bed nets, and constitute the primary action in defeating the disease [4] . A significant problem is, however, the swift adaptation of both the parasite and the mosquito vector. Recently, drug resistant parasites have emerged across sub-Saharan Africa [5] and national campaigns of bed nets have been shown to shift the temporal niche of mosquitoes to earlier hours in the evening [6, 7] . To improve available intervention methods, it is considered that accurate knowledge of the population dynamics and fluxes in the landscape can be the key to eliminate malaria and other vector borne infectious diseases on the African continent [8] [9] [10] . It is, however, not trivial to capture the illusive ecology and life stages of mosquitoes in a quantitative manner. Activity and aerial abundance of a mosquito species are highly weather sensitive and can change several orders of magnitude in just half an hour [11, 12] . Moreover, preferred habitats for breeding and mating swarms can be confined to plants and tiny landmarks within a few meters [13] [14] [15] .
To assess the population dynamics of mosquitoes, researchers have used sweep nets from vehicles [16] , light traps [17] , e-traps [18, 19] , kairomone and CO 2 traps [20, 21] , as well as human bait [22] [23] [24] . Each method is known to be biased towards species, sexes or life stages, and investigations with extensive temporal and spatial coverage can be overwhelmingly labor intensive. In addition, the means for tracking mosquito fluxes and estimating dispersal are limited. Even if powder tagging [25, 26] could be conducted, mark and release studies on anophelines is often unfeasible for ethical reasons. While it is feasible to indirectly correlate preferred mosquito habitats with geospatial information, such as satellite images or airborne topographic lidar [27, 28] , the sample rate is in best case weeks when cloud-free. As a result, such methods cannot capture a detailed description of the diurnal activity-and flux patterns, for example in the landscape surrounding an African village.
In recent years, our group [29] and others [30] have developed direct insect surveillance by remote modulation spectroscopy and entomological lidar [29, 31, 32] . We have discussed target classification by size [12, 33] and oscillatory properties [34] . We have developed both lidar and dark-field methods with multiple spectral- [35, 36] and polarization- [37] bands. In this report, we present the prospects for discriminating species and sexes of disease vectors by multiple wavelength-and polarization bands. We report on a controlled laboratory experiment compatible with recent developed entomological lidars.
Lidar light-mosquito interaction
In this section we will briefly revise the photonic interrogation mechanism necessary to interpret our results. Non-intrusive and non-perturbing insect optical surveillance is preferably accomplished by near-or short-wave infrared wavelength for minimal absorption, this reduce influence through insect vision, heat sensing and photo-acoustics. In this study we have applied 808 nm and 1550 nm, these bands are common laser wavelength which have been implemented in entomological lidar [29, 36] . The 808 nm band can be absorbed by melanin and the 1550 nm can be absorbed by liquid water. Other feasible bands include 980 nm, the longest band which can be detected by low-cost Si-CMOS. Such band could be applied in combination with 808 nm band for differentially indexing melanin. In the shortwave infrared, 1320 nm exhibit maximal backscatter for insects [38] and could be applied for This article is protected by copyright. All rights reserved. absolute sizing, 1450 nm coincide with water absorption band and could be applied in combination 1320 nm to evaluate body surface.
Entomological lidars [30, 31, 34, 37] detect insects transiting the probe volume with kHz sampling rates. The optical signatures retrievable to entomological lidars are foremost backscattering and in the ideal case also extinction. Lidar insect observations can be decomposed to a low frequency envelope originating from the insect body and an oscillatory part originating from the wings [32] . Polarimetric lidar [37, 39, 40] further allows decomposition of the specular and diffuse backscatter. Below we will revise how backscattered lidar light is affected by mosquito body and wings respectively.
Body scatter contribution
The non-oscillatory scatter contribution from the body can be encountered by a sliding minimum norm with the width of the wing beat period [32] , this filter effectively extinguish the oscillatory part. The body time series describes the envelope of the insect moving through the probe volume [32] . For horizontal lidar transects, e.g., for evaluating species close to ground in relation to ground topography, the optical cross-sections (OCS), σ, can also be used to distinguish species by size [12, 33] . This parameter is, however, largely affected by the flight direction, aspect of observation [34] , and position in a non-tophat beam profile. For the mosquito species presented here, a significant part of the non-oscillatory scatter is also contributed by the specimens long hind legs and plumose antennae of the males.
Light interaction with the biological tissue in the mosquito thorax and abdomen is governed by photon-migration [41] . The anisotropic factor, g, is close to ~95% for all known tissues in the NIR-SWIR range [42] , the highest reported scatter coefficients for wet tissues in the NIR-SWIR are ~30 cm -1 at 808 nm and ~20 cm -1 at 1550 nm [42] . Insects are, however, known to produce bright white markings by organising chitin-air matrices in their cuticle [43] .
Such scatter coefficients reach values beyond 6600 cm -1 , similar findings could also be the case for the white marks of Aedes mosquitoes.
Liquid water [44] , present in the body, absorbs only SWIR light such as 1550 nm. The water absorption dip magnitude will depend on the body tissue scatter coefficient [42] , and an average photo migration path length of ~500 µm (mean penetration depth of ~250 µm) would reduce diffuse 1550 nm reflectance to half. The reflectance in a 1320 nm band would, however, be largely unaffected by both melanin and water. Melanin is encountered in the cuticle, the absorption scales with λ -3.4 , and only bands below 1200 nm, such as 808 nm are affected [42] . All mosquitoes are melanised to some extent and melanisation may differ even between closely related species [45] . In general, for all insects, the head with the compound eyes display highest melanisation. However, for mosquitoes, such as malaria vectors, the eyes are small compared to the body and melanisation could display minor variance among projections.
Diffusion theory [41] with scatter coefficients of ~20 cm -1 implies mean penetration depths of ~20 mm at 808 nm and ~0.4 mm at 1550 nm, with corresponding mean path lengths of ~160 mm and ~3 mm, respectively. Whereas diffuse reflectance would account for 70% at 808 nm and just 3% at 1550 nm, in practice, diffuse reflectance at 808 nm is attenuated by melanin to some 5-6%, (see e.g. [38] ). Because the mean free path is comparable to the organism size of mosquitoes (~ø1 mm), diffusion theory applies poorly and a better paradigm is that of random walks from a Monte Carlo perspective [46] . Because scattering is low compared to the organism, the entire mosquito body is flooded with photons both at 808 nm but even at 1550 nm. Therefore, the light incidence angle only has a marginal influence on the diffuse photon flux distribution in the mosquito's body. Mosquitoes are rather transparent and much of the light is ballistic and co-polarized backscatter from the many layers or cuticles and organs throughout the body, and that this contribution dominates the diffuse contributions.
In general, absorption requires a tissue path length, and the mean path length is longer for depolarized backscatter than for co-polarised backscatter. Melanisation is often considered as an epidermal shell covering the tissue, therefore melanin is thought to influence the diffuse reflectance as a linear gain factor [47] . This understanding is simplified, and in practice melanin will foremost supress the diffuse NIR reflectance, whereas it can in some cases increase the specular NIR reflectance because melanin has a high refractive index [48] of ~2. Structured cuticles, such as the markings on Aedes species, on the other hand, would both depolarize light by multiple scatter and also shield the wet tissue and inhibit absorption of 1550 nm light. Thus, body Degree-of-Linear-Polarization at 1550 nm (DoLP 1550 ) primarily reports on the surface and tissue texture. Exposed abdomen cuticles would both maintain polarization and leave wet tissue exposed to the light whereby the diffuse 1550 nm light could be absorbed by liquid water.
We conclude that the backscattered DoLP from mosquitoes can report both on the tissue and surface texture such as scales but also on absorbers such as melanin and liquid water for 808 nm and 1550 nm respectively.
Wing scatter contribution
The oscillatory contribution from the wings, is primarily governed by the wing beat frequency [49] , WBF, or fundamental frequency, f 0 , present in all wavelengths and polarizations in backscatter [34] and extinction [50] . The f 0 is sensitive to temperature and payload such as blood meals [51] . WBF correlate with wing area [52] , span of the wing and body mass and is also affected by the humidity, wind speed, flight speed and acceleration [53, 54] . WBF alone is often considered insufficient for species classification [55] although this may apply less to mosquito species that have a very high pitch [49] . However, the detailed oscillatory waveform is described by a harmonic spectrum, and it has been demonstrated multiple times that species could be discriminated by algorithms from the speech recognition community based on the harmonic content [50, 56, 57] . The harmonic tone line width and shape is given by the convolution with the body envelope and thus limited by probe volume transit time [32] .
Recording of modulation spectra with diffuse, depolarized or extinguished light result in a handful detectable overtones, whereas recordings of insects with glossy wings using collimated, co-polarized backscatter can result in more than thirty detectable tones if instrument bandwidth allows it. Because harmonic tones or frequency side lobes (from an insect transiting a tophat beam profile), the fundamental frequency is not necessarily the strongest frequency component [34] , and its identification is not trivial.
Mosquito wings can mainly be considered a glossy clear film of chitin [58] with membrane thickness in the order of 300-600 nm. In this range, chitin membranes of 395 and 659 nm thickness interfere constructively in backscatter for 808 nm lidar bands, whereas membranes of 254 and 764 nm produce backwards resonance with 1550 nm light.
Correspondingly, destructive interference is observed for intermediate thicknesses. It is understood that the differential magnitude of the specular wing reflex in two bands is highly sensitive to membrane thickness. Membrane thicknesses have previously been used to discriminate closely related species [59, 60] .
The refractive index of some insects wing is age dependent, and this information could be used to determine the age of insects [61] [62] [63] . When specular spikes are observed, their intensity magnitude is largely insensitive to the aspect of observation since specular reflections from a glossy wing only occur when the surface normal of the wing coincide with the optical axis in backscatter detection. Specular flashes from glossy peaks are also discussed in [34, 37] . This article is protected by copyright. All rights reserved.
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Wings of Aedes aegypti and Culex quiquefasciatus are mainly clear with melanised veins and fibrous fringes on the hind wing edge. The anopheline wings have a patched, melanised fore-edge. Mainly the veins and fibrous fringes contribute to diffuse depolarised backscatter in the wing contribution since light is unlikely to undergo incoherent multiple scatter inside the nanometer thick membrane. Apparent melanization of thin transparent mosquito wing membranes cannot be expected to differ from the dorsal to ventral side.
Materials and methods

Mosquito specimens
This study include both sex of four species, see Figure1. All mosquitoes were bred at the Department of Plant Protection Biology, Swedish University of Agricultural Sciences in Alnarp, Sweden. Anopheles coluzzii (Suakoko strain, formerly referred to as Anopheles Gambiae molecular form M), An. arabiensis (Dongola strain), Aedes aegypti (Rockefeller strain) and Culex quinquefasciatus (Thai strain) were reared at 27±2°C, 70±2% relative humidity (RH) under a 12 L : 12 D period, as previously described [64, 65] . For all experiments, 6-to 14-days post-emergence sugar-fed adult female mosquitoes were used.
Anopheles coluzzii and An. arabiensis are among the key vectors of malaria in sub-Saharan Africa, and display a high anthropophilic and opportunistic host preference, respectively. While An. coluzzii endophilic and endophagic behaviour directly increases their interaction with humans, the exophilic and exophagic behaviour of An. arabiensis is a leading cause for residual malaria in sub-Saharan Africa. Similar to the two Anopheles species, the arboviral vector Culex quinquefasciatus is crepuscular, with host and resting preferences varying considerably depending on season and geographic location. Aedes aegypti, is a major vector for dengue, yellow fever and chikungunya, due to its mainly anthropophilic behaviour.
Unlike the other species, Ae. aegypti is diurnal and mainly endophagic and endophilic.
Live specimens of mixed sexes from one species were captured using a suction tube from the mosquito cage, and then released inside the release chamber for individual detection (see below). Apart from the optical ports, the chamber was closed to keep the mosquitoes inside and to let them fly naturally. Sugar solution was placed below the FOV to attract the mosquitoes towards the probe volume and increase activity inside the chamber. Prior knowledge about the sexual difference between the WBF was used to distinguish them.
Measurements were carried out in 24-27 °C ambient temperature, and humidity was kept at 60-70 % inside the chamber to create a conducive environment for the mosquitoes to fly naturally.
Instrumentation
The scattering properties of insects were investigated with a multispectral, polarimetric setup, The two pixel coordinates are translated into 3D coordinate through hyperplanes. The coefficients of the hyperplanes are found by multivariate regression of calibration pictures of a scattering needle head at known positions, for details see [66] .
Signal processing
The signals and data processing flow are outlined in Table. 1. A number of norms such as the minimum-, maximum-, median-norm from the class of descriptive statistics are employed.
Also variance will later be reported as corresponding interquartile range. Descriptive statistics is robust and insensitive to outliers when certainty of processing steps are sub-ideal. This article is protected by copyright. All rights reserved.
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A total number of 5 channels, I t,b,n , are recoded at 20 kHz. Here, t is time, b is band and n is observation number belonging to groups of species and sex. The recorded mosquito signals are calibrated into cross sections, σ t,b,n , by dropping ø6.35 mm diffuse white spheres through the probe volume. All channels were calibrated assuming that the spheres have Lambertian reflectance of 100% and that they are 100% opaque. The procedure is described in previous reports [26, 67] .
To identify the WBF, f 0 , a combination of several frequency analysis methods have been implemented to improve accuracy of WBF estimation. We have used autocorrelation, cepstrum, harmonic product spectrum [68] [69] [70] , which are commonly used in musical analysis and speech recognition. A method based on change of slope was also used and this method finds two indices in a vector when slope changes from negative to positive and find the first peak in the spectrum, which is considered as f 0 . The f 0 value selected by most of the frequency analysis methods was chosen as the final WBF of the mosquito species. The final WBF was also manually verified to evaluate the performance of those methods and the consistency ratio was 85-90%.
The contribution of the insect body, σ body,t,b,n , to the total cross section is estimated by applying a sliding minimum norm to the signal with a width equal to the wing beat period, as previously described [32, 35] . The cross section where the mosquitoes are fully within the probe volume is estimated from the maximum norm of the observed envelope.
Several unit-less ratios are introduced. This includes DoLP b,n for the body contribution for both NIR and SWIR wavelengths. A spectral ratio, S n , between depolarized SWIR and NIR backscatter is introduced for both body and wing contribution. This ratio increases with melanisation and decreases with liquid the water absorption imprint. Finally, a ratio between backscattered and extinguished light is used to estimate the reflectance, R t,b,n , for all bands. This article is protected by copyright. All rights reserved.
The specular glossiness, σ spec,b,n , is calculated from the deviation from diffuse cross sections. The deviation is calculated from depolarized cross section times a scalar. The scalar is the inverse DoLP from the body. This article is protected by copyright. All rights reserved.
Measurements and results
Dualband backscattered signal
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Aspects of orientation independent parameters
Although coarse insect classifications can be based on the absolute cross sections [12, 33] , a particular challenge for classification of free flying insects is the fact that both scatter cross sections and the harmonic content changes with the lateral aspect or flight heading [34, 49, 55] .
We investigated whether our unit-less parameters, DoLP and S, were dependent on the aspect of observation. We used the time-dependent OCS, σ t , to calculate the DoLP t and S t during a observation. We also used the 3D stereo vision to capture the flight trajectory simultaneously.
The cross sections and trajectory is shown in Figure4. As can be seen in the figure, both the OCS and the heading varies considerably during the recording. The cross sections varies both because of varying aspect and diminishes at the edges of the beam. The duration of the trajectory data is slightly smaller than the OCS signal since the stereo camera FoV is smaller than the probe volume of the multiband kHz instrument. The particular observation shown in This article is protected by copyright. All rights reserved.
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Identification of mosquito species and sex
WBF can be used to distinguish male and female mosquitoes, as shown in Figure6 with ♂ and ♀ C. quinquefasciatus. We have used median and inter-quartile-range (IQR) from descriptive statistics because they are robust and insensitive to outliers. The median and IQR of the distribution shows that there is no WBF overlap between ♂ and ♀ C. quinquefasciatus. This is also true for the other mosquito species analysed in this work. Our WBF values are in accordance with reported values in previous studies [18, 71] . WBFs are sufficient to distinguish ♂ Ae. aegypti from C. quinquefasciatus, and An. arabiensis, but ♂ An. coluzzii and An. arabiensis have similar WBF, which makes it difficult to distinguish these two species, see 
arabiensis.
Both wing and body spectral ratios of ♀ and ♂ An. coluzzii are more melanized than An.
arabiensis. This indicates that melanization can be used to distinguish these two species. The body spectral ratio has larger variation compared with wing spectral ratio for both species.
This could be due to the variation of water absorption [44] dip magnitude, which depends on body tissue scatter coefficient [42] .
NIR and SWIR wing glossiness, σ spec , can also be used to distinguish the two malaria mosquitoes (An. coluzzii and An. arabiensis), see Figure9. The NIR wing glossiness of An.
coluzzii is lower than that of An. arabiensis for both ♂ and ♀ mosquitoes. This could be The 10 dimensional data in Table. 2. is challenging to overview. We check the set of parameters for redundancy by analysing parameter covariance, see supplementary material, SI_ParamCov. The data was centered, normalized by variance and compensated for group sizes. We found only minor covariance. To get an idea of classification accuracy the data was fed to a Naive Bayes Classifier (default settings, Matlab by MathWorks). The resulting confusion matrix can be found in supplementary material, SI_Confusion. The average accuracy was some 81%, with ♀ Ae. aegypti being the most difficult (61%) and ♂ Ae. aegypti being the easiest to identify (94%). Such rating tells little about classification accuracy for in situ monitoring where other mosquito species may appear. On the other hand previous studies have demonstrated increased specificity when including harmonic content [18, 72] and refinement of classification algorithm could yield higher accuracy. This article is protected by copyright. All rights reserved.
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Discussion and conclusion
We have implemented a kHz multispectral polarimetric system to remotely distinguish species and sexes of disease vector mosquitoes in flight. Based on the spectral-and polarization properties of the mosquitoes, parameters such as S, DoLP and wing glossiness, σ spec,b in the NIR and SWIR bands can be assessed. In addition, due to the kHz sampling the wing-beat frequencies of mosquitoes can be determined. These are the two main findings of this work:
First main finding: the spectral ratio, S, of body and wings and the body DoLP b , in both NIR and SWIR bands, were found to be largely unaffected by the aspect of observation. These ratios were found relatively stable while the cross sections, σ, showed large fluctuations due to changes in flight heading. As long as a specular spike appear, glossiness, σ spec,b , is also aspect insensitive because specular reflection from glossy wing can only be measured when the surface normal of the wing coincide with the optical axis.
Second main finding: the S of mosquito wings and bodies, as well as the NIR and SWIR wing glossiness are shown to allow for the distinguishing of the two similar mosquito species (An. coluzzii and An. arabiensis), which have similar f 0 . The body and wing spectral ratio clearly shows that An. coluzzii is more melanised compared to An. arabiensis. The NIR wing glossiness of An. coluzzii is lower than An. arabiensis, which indicates that melanin and maybe even wing membrane thickness can be used to differentiate the two malaria vectors through body S or relative wing glossiness, σ spec,b in the two bands.
Based on this work, clues are provided of the potential of optically differentiating species and sexes of mosquitoes. Several benefits for dual spectral band and polarimetric detection are revised, forming a basis for band selection and lidar implementations. We conclude that multiple bands can significantly improve the specificity of entomological lidar This article is protected by copyright. All rights reserved. and foresee numerous applications for in situ surveillance and improved understanding and preventive measures to address health impact caused by insects. This article is protected by copyright. All rights reserved.
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